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Description
FIELD OF THE INVENTION

[0001] The present invention relates to a new and advanced method and system for processing a multi-channel
measurement signal. In particular, the present invention relates to measurement geometry that measures a sourceless,
irrotational vector field, which measurement geometry consists of a sensor arrangement; the invention also relates to
the formation of a basis for signal space and the utilisation of the basis in the pre-processing and analysis of data
measured by the measurement geometry.

BACKGROUND OF THE INVENTION

[0002] The representation of measurement signals or signal vectors measured by multi-channel measuring devices
in some natural signal space basis is useful from the point of view of the analysis and illustration of the measured
phenomenon. For example, in the case of a multi-channel magnetometer, one such basis can be obtained by modeling
the source that produced the magnetic field by a current distribution whose total amplitude is the smallest possible one
among the distributions that are capable of producing the measured signal vector and which current distribution has
been limited within a conductor area that describes the object to be examined. This kind of method is called a minimum
norm estimate and it has been described e.g. in publication "Magnetoencephalography - theory, instrumentation, and
applications to noninvasive studies of the working human brain", Matti Hamalainen et al Reviews of Modern Physics,
Vol. 65, No. 2, 1993. In practice, due to the numerical sensitivity, the modeling of signal vectors by minimum norm
estimate requires regularisation whose intensity depends, for each case specifically, on the signal-to-noise ratio and on
the distribution of the vector field often in a non-obvious manner. Thus, the use of minimum norm estimate requires
consideration and good expertise because a wrong regularisation may lead to a completely erroneous modeling. Another
problem associated with the minimum norm estimate is that it tends to model also external interferences in the source
distribution of an object to be examined, which leads to an erroneous outcome. In addition, the minimum norm estimate
is a rather laborious operation computationally.

[0003] The source distribution that produced the vector field has also been modelled by means of a multi-pole devel-
opment, but in that case, the source model has usually not been formed to be the basis for signal space. At a theoretical
level, the formation of a basis based on a multi-pole development has been presented in the doctoral thesis "Interpretation
of Neuromagnetic Measurements: Modeling and Statistical Considerations", Matti Hdmal&inen, 1987, in which the basis
is designed to describe the magnetic field outside an area containing the source distribution. The multi-pole development
has also been used for source modeling in magnetocardiography, but in that case one has not formed a basis for signal
space of the development. This is apparent e.g. from the publication "Comparability of Measurement Results Obtained
with Multi-SQUID- Systems of Different Sensor Configurations”, M. Burghoff et al, IEEE Transactions on Applied Su-
perconductivity, Vol. 7, No. 2, 1997. The formation of the basis for signal space based on the series development of the
vector field is reasonable only if the measuring device is a sufficiently multi-channel one and appropriate with respect
to its geometry to ensure a susceptibility to interference as small as possible.

[0004] External interferences e.g. from the magnetic fields caused by the electric conductors situated near the meas-
urement space are easily summed up in subtle magnetometer measurements. The elimination of the external interfer-
ences from the measured signals is important in order that one could obtain information as dependable as possible from
the object to be examined. Conventionally, as the interference elimination methods, projection and reference signal
methods have been used. In the former method, the interference elimination is based upon information on signal sub-
space spanned by known interferences, and in the latter one upon signals measured by correctly placed reference
sensors, which signals are assumed to have been caused merely by interference sources.

[0005] Of projection methods let it be mentioned the SSP projection method in which the sub-space caused by typical
external interference sources is determined and the measured signals are projected against this orthogonally to the
space. In addition to the interference, the projection also diminishes the actual interesting signal, in case the signal
vectors produced by the object to be examined are not orthogonal to the interference sub-space, and furthermore, the
SSP eliminates the interference completely only in cases in which the external interferences really belong to a prede-
termined interference sub-space. Also the illustration of the spatial distribution of the signals suffers from the projection.
The SSP method has been described e.g. in patent publication FI925461 and in publication "Signal-space projection
method for separating MEG or EEG into components”, M.A. Uusitalo and R.J. limoniemi, Medical & Biological Engineering
& Computing, Vol. 35, pp. 135-140, 1997.

[0006] In reference signal methods, so-called reference sensors are installed in the measuring device in such places
with respect to other sensors that they can be considered to measure solely external interferences without observing
any signal from the object to be measured. Taking into account the geometry between the reference and the actual
signal channels, the signals associated with the external interferences can be calculated and reduced from the signals
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measured by the signal channels, in which case just the signal relating to the object to be measured is remaining. This
kind of method is justified only when the reference sensors are capable of measuring all the information relating to the
external interferences in the area of the signal sensors without, however, measuring the signal associated with the object
at all. In other words, the method is based on an assumption according to which external interferences in the area of
the measuring device are uniform, whereas the signals produced by the object to be measured are weakening very fast
as the distance grows. The method based on the reference signals is described e.g. in patent publication W09641209.
[0007] Similarly, US 5 644 229 discloses a method for analysing a magnetic field registered by a multi-channel meas-
uring device in ageometry inwhich aninteresting source is in afirst volume, sensors measuring the field or the components
thereof outside the first volume inside a second volume, and sources of magnetic interference outside the first volume
and the second volume in a third volume, comprising the steps of measuring a magnetic field by the sensors; parametrising
in the second volume, with respect to a chosen first development point, the magnetic field produced by the interesting
sources disposed in the first volume and the interference sources disposed in the third volume as a sum of elementary
fields, and in desired accuracy, where each elementary field is irrotational, sourceless and finite outside the first and
third volume, achieving a first series development which is e.g. Taylor’s or a spherical harmonics series development;
calculating a signal vector of the measuring device corresponding to each elementary field; and separating the magnetic
fields that were produced from sources disposed in the first volume and the third volume.

[0008] The basic mathematics of the approach to separate different source volumes by spatial considerations has
originally been described in publication ‘'Resultate aus den Beobachtungen des magnetischen Vereins im Jahre 1838’,
Carl Friedrich Gauss and Wilhelm Weber, Leipzig, 1839. This approach has been developed to applications in geophysics
and the state of the art has been described in publication ’A comprehensive model of the quiet-time, near-Earth magnetic
field: phase 3’, Terence Sabaka et al., Geophysical Journal International, Vol. 151, pp. 32-68, 2002. In these models,
the multichannel nature of the observatory and satellite data has not been developed into linear algebraic models to
uniquely separate components arising from different source regions.

[0009] In addition to external interferences, one problem that distorts the signals is the possible movement of the
objectto be examined during the measurement. Lately, e.g. in magnetoencephalography there have been made excitation
response measurements to testees who cannot keep their heads immovable during the measurement. An apparent
solution is to reject from the signals to be averaged signals that correspond to such moments of time during which the
head has been situated too far from some reference point. In this kind of method, the signal-to-noise ratio weakens due
to the rejection of the responses particularly when the head moves much. In more advanced methods, the distortion
caused by a movement can be corrected either by taking into account the movement in the source modeling when using
a distorted averaged signal, or by making the movement correction directly to the signals prior to averaging these. The
latter method is better in that sense that as the outcome, a signal vector in an illustrative form is obtained. For this
purpose, minimum norm estimate is used by determining the source distribution associated with every response to be
averaged and by calculating from this a signal corresponding to some fixed location of head. The problem with the
method is the computational slowness of the minimum norm estimate, the distorting effect of the external interferences,
and the fact that the possibly great distance of the object to the measurement sensors may distort the result. Methods
of correcting movements have been described e.g. in the publication "Detecting and Correcting for Head Movements
in Neuromagnetic Measurements”, K. Uutela et al, Neurolmage, Vol. 14, pp. 1424-1431, 2001.

[0010] The transformation of signal vectors from one measurement geometry to another is often necessary e.g. when
comparing different measurements with one another. The question can be e.g. about the transformation of each measured
signal vector into a signal vector of such a measuring device in which the measurement sensors are situated in determinate
positions on the surface of some standard object. To calculate such virtual signals, the vector field must be divided into
basis function components, based on which the virtual signals can be calculated by forming the basis of the vector field
for the virtual set of sensors and by using estimated components to calculate the virtual signals. Conventionally, as the
basis, a minimum norm estimate basis has been used, in which case the aforementioned regularisation and interference
problems hamper the outcome. The use of the minimum norm estimate for calculating virtual signals has been described
e.g. in the publication "Transformation of Multichannel Magnetocardiographic Signals to Standard Grid Form", Jussi
Numminen et al, IEEE Transactions on Biomedical Engineering, Vol. 42, No. 1, 1995.

[0011] The modeling of the sources that produced the measured signal is typically implemented by parametrising the
source model and by calculating the parameters e.g. by non-linear minimisation of the smallest square sum of the error
in such a manner that the model and the measured signal correspond to each other as well as possible. In that case,
in the minimisation algorithm one must perform the calculation of the parameterised model for each measurement sensor
specifically, which results in a big number of arithmetic operations when the number of sensors is big. One further
problem is the difficulty of setting a good initial guesstimate for the model that would fasten the convergence of the
minimisation algorithm towards the correct solution.

[0012] The inaccuracy of the information concerning the calibration coefficients and the geometry of the measuring
device causes errors when analysing an object to be examined. In this sense the measuring device must be checked
so that the measured signal vectors are compared to some expected result, in which case the calibration coefficients
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and the geometric parameters can be so set that the possible deviation from the expected result vanishes. Conventionally,
in calibration methods one has used an exactly known signal source which is situated in a known position with respect
to the measuring device. The problem with the method is that one must rely on the ideality of the signal source. Fur-
thermore, calibration measurements of this kind often are cumbersome and time-consuming to perform.

OBJECTIVE OF THE INVENTION

[0013] The objective of the invention is to eliminate the drawbacks referred to above, or at least to significantly alleviate
them. One specific objective of the invention is to disclose a new type of method by which the measured signal can be
divided into signals associated with the object to be examined and into signals that can be classified as external inter-
ferences by means of a computationally very easy operation without the reference sensors. The division of the signal
space into these two parts can be performed without foreknowledge of the signal sources, so the method functions
correctly, although e.g. the signal sources that are outside the research object and cause interferences would change
in a non-foreseeable manner. The signals due to the non-idealities of the measuring device can be separated from the
interesting signals and interference signals because they are mainly not included in either one of the aforementioned
parts of the signal space. In addition, in the method in accordance with the invention, there is no weakening of the
interesting signal nor the illustration problems of signals resulting from this, which are typical of projection methods.
[0014] Further, the objective of the invention is to disclose a faster and more accurate method of compensation for
movement which is used to correct the distortion of the signal vector caused by a movement of an object to be measured
by at the same time correcting the distortion caused by external interferences without any additional calculation.
[0015] Further, the objective of the invention is to disclose a calculation method of virtual signals based on the fact
that in the method, a vector field can be presented as components of the spatial series development of the field, which
components can be limited to relate solely to the object to be examined. The components are used to represent the
measured signal as a signal vector of any sensor geometry.

[0016] Further, the objective of the invention is to disclose a method of source modeling in which the source distribution
of an object to be examined can be interpreted by means of the measured basis function values, and in some cases it
can be solved analytically based on these values.

[0017] Further, the objective of the invention is to disclose a calibration method of a multi-channel measuring device
that measures an irrotational vector field, which calibration method is capable of utilising any measured vector field
without knowledge of the sources that produced the field. In this method, for the parameters of the system to be calibrated,
such values are sought for that the measured signal mainly falls in that sub-space of signal space which is spanned by
the basis functions of the irrotational, sourceless vector field. Thus, both the ambiguity associated with the sources and
the amount of work associated with the preparation of the calibration measurement are eliminated from the calibration.
[0018] The invention is defined by the features of independent claims 1 and 11. The dependent claims are directed
to preferred embodiments of the invention.

SUMMARY OF THE INVENTION

[0019] Theinvention is based on the utilisation of two different sets of vectors in the modeling of a signal that originates
from two different sources. The requirement is that the vector field to be measured is irrotational and sourceless. The
vectors of the signal space in question consist of vector field samples taken in different places of the physical space or
of their linear combinations. In particular, the present invention relates to a method which is used to form such a basis
in which the information contained in the whole vector field can be expressed with a number of basis functions as small
as possible, in the selection of which one has taken into account the irrotationality and sourcelessness of the vector
field. By means of the basis functions in question, the vector field can be represented in a form enabling a more enhanced,
accurate and versatile mathematical operation of the field than before in many signal processing and analytical appli-
cations.

[0020] Furthermore, the invention relates to a method the basic idea of which is to limit the degrees of freedom of the
signal vectors of a measuring device that measures an irrotational, sourceless vector field based on the information on
theirrotationality and sourcelessness of the field to be measured. In that case, the number of possible linearly independent
signal vectors can be considerably reduced based on the limitations set by Maxwell’'s equations.

[0021] In one embodiment of the present invention, the signal to be measured is divided into components of two
different series developments in such a manner that the series developments have different convergence characteristics
in that sense that the signals produced by a first source, e.g. an object to be measured, and a second source, e.g.
external interference sources, are included in the convergence areas of different series developments. In that case, a
representation is obtained for the signal vectors in which the interesting signals and external interferences have different
basis vectors, the coordinates corresponding to which can be unambiguously solved based on the measured signal.
[0022] As a definition of different spaces comprising relevant components regarding the present invention, a first
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volume (V1) is the measurement volume where the interesting sources are located. A second volume (V2) represents
the space containing the measurement sensors, where the first volume (V1) is located inside the second volume (V2).
Furthermore, a third volume (V3) represents the space where magnetic interference sources are located. The third
volume (V3) is thus outside both the first and second volumes (V1, V2).

[0023] In one embodiment, the solution is performed by minimising e.g. by means of a linear operation the difference
between a model based on series developments and the measured signal. In case the model describes an irrotational
and sourceless vector field in the area of a measuring device sufficiently perfectly, the difference in question is due to
a measurement error which results solely from the non-idealities of the measuring device. Thus, the method can divide
the signals into three parts: into the interesting signals of the irrotational and sourceless vector field, into the signals of
the irrotational and sourceless vector field that can be classified as external interferences, and into signals not included
in the series development model and resulting from the non-idealities of the measuring device, such as e.g. noise and
sources in the measurement area. It must be noted that specifically the claims mention a first and a second source, as
well as a set of basis vectors, although their order is not important from the standpoint of the invention. Substantial is
that the basis vectors describe vector fields originating from different sources as accurately as possible.

[0024] Thanks to the taking into account of the limitations set by the Maxwell’s equations, the number of basis vectors
needed in the representation of the signals is so small that a basis of this kind is practical for modern multi-channel
measuring devices. In addition, the interpretation of the basis vectors is physically reasonable and there are a number
of solutions of breaking up signal vectors into basis vectors formed in this manner. The following describes, with reference
to Fig. 1, the characteristics and utilisation of the series developments. It must be noted that in all the phases, the
limitations set by the Maxwell’s equations are taken into account at the same time.

[0025] The present invention has the advantage that the method functions as an automatic interference elimination
method in which the measurement sensors are not separately classified into signal channels and reference channels
measuring merely interference signals, instead all the channels are in the same position when calculating the basis for
signal space. The automatism of the interference elimination means that the method can model external interferences
irrespective of the structure of the interference field in relation to the structure of the field produced by the object to be
examined, or of the variation of the structure of the interference field with in respect of time, in contrast e.g. to the
projection method in which the aforementioned signals are projected against some predetermined interference sub-
space into an orthogonal space. In addition, in the projection method, also the signal produced by an object to be
examined weakens, if it is not orthogonal to the determined interference sub-space. This is eliminated in the present
invention.

[0026] Further, the method in accordance with the invention enables one to correct the signal distortions that are due
to the movement of an object to be examined faster and more accurately than by previous methods, which is a basic
requirement of a real-time correction for movement. The correction for movement is performed by representing the
movement of an object to be examined as a movement of the measurement sensors in the vicinity of a stationary object
in such a manner that the variable geometry is taken into account when calculating the basis for signal space. In that
case, the series development components corresponding to the object to be examined always are commensurable
irrespective of the position of the object. The advantage of the invention is based on the fact that the calculation of the
series development components requires quite few computational operations and on the fact that the external interfer-
ences are modelled when calculating the values of the series development components. Thus, this enables one to
quickly calculate dependable values for the series development components corresponding to an interesting source
area, although the distance and position of the object with respect to the measurement sensors would considerably vary
and although the field structure of the external interferences would vary during the measurement.

[0027] Further, as the series development components describe the field produced by the sources everywhere in the
measurement volume (first volume V1), they can be used to calculate a signal which would be measured by any fictitious
sensor disposed in the same space. Virtual signals of this kind are useful e.g. when there is a wish to represent the
signal produced by an object to be examined always in the same geometry irrespective of the fact of where the object
was really situated during the measurement in relation to the measurement sensors. In addition, in virtual signals, the
proportion of measurement errors is smaller than in original signals, as in the method one has attenuated the portion
that is not included in the set model of an irrotational, sourceless vector field. Even in the case of virtual signals, the
invention has the advantage of separating external interferences from the signals of an object to be examined.

[0028] In addition, the method in accordance with the invention enables one to identify individual sensors the signal
measured by which clearly differs from the series development model that is based on the signals of the whole set of
sensors. Thus, the method enables even a real-time quality control of measurement channels and an automatic rejection
based on the signal analysis. In addition, the coordinates of the signals with respect to a basis in accordance with the
invention can be re-calculated after the rejection of channels that operate in a non-desired manner, which enables one
to obtain a more accurate result for the coordinates.

[0029] Further, thanks to the invention, the calibration of a measuring device or of measurement geometry becomes
easier than before. The calibration method in accordance with the invention does not need a predetermined calibration
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source, instead it suffices that the measuring device is known to measure a sourceless and irrotational vector field.
Advantageously, the calibration is performed by setting the calibration coefficients and geometric parameters of the
measuring device so that the measured signal vectors fit in the sub-space spanned by the signal vectors that are
determined by the series developments. In other words, the calibration is performed by minimising the difference between
the measured signal vectors and the sub-space calculated for the signal vectors that were produced by an irrotational
vector field, in contrast to the conventional methods which minimise the difference between the signal vectors and the
signal vectors produced by a source that is known beforehand as accurately as possible. In the method in accordance
with the invention, as the measured signals it is possible to use e.g. any signals produced by the sources in the envi-
ronment, in which case the calibration can be performed completely automatically without any preparations of the
measurement situation. Furthermore, the method is more accurate and dependable than the previous ones as the
inadequacy of the information concerning the geometry of an object to be measured does not result in an error of the
calibration.

[0030] The invention can also be utilised in source modeling because the field components calculated irrespective of
the external interferences and corresponding to the target area to be examined represent the continuous current distri-
bution of the target area as a finite number of components so that each component describes some feature concerning
the shape of a current distribution. In particular, the components can be used to check the hypotheses concerning the
current distribution by comparing the modelled components to the theoretically calculated components of the distributions
in accordance with the hypotheses. In some cases, this kind of comparison is easier than when using as the measurement
result, the measured signal vector values, as it is done in several conventional methods. In some cases, it is possible
to analytically calculate from the series development components the geometry of the current distribution without non-
linear minimisation algorithms, which makes the determination of the distribution clearly faster than in the previous
methods.

[0031] The invention also provides a new way of designing the geometry or set of sensors of a measuring device by
optimising the capability thereof to dependably measure the series development components of an interesting object
up to an order as high as possible by maximising at the same time the difference of the signal spaces associated with
the object of the measuring device in question and the external interferences, such as e.g. the angle between the spaces.
In this manner it is possible to obtain a set of sensors which is capable of measuring even the most complicated signals
in respect of their field shapes as accurately as possible, while at the same time separating the interesting signals from
the external interferences.

LIST OF FIGURES

[0032] In the following, the invention will be described by means of detailed examples with reference to the accom-
panying drawing, in which

Fig. 1 shows one generalised embodiment of the present invention; and
Fig. 2 is a schematic representation illustrating one embodiment of the present invention.

DETAILED DESCRIPTION OF THE INVENTION

[0033] Atfirst we describe the mathematical background of the invention with reference to Fig. 1. To illustrate the idea
presented in this invention, in Fig. 1, the space has been schematically divided into five areas by means of concentric
spherical shells. The sensors (s1, s2, s3, s4, s5, s6) of the multi-channel measuring device are situated in area 3, which
is left in between the second and third innermost spheres. The sensors are connected to an analysis device 10. In area
2 there is a current loop |;, which represents an interesting source of magnetic field situated in the measurement object.
A current loop situated in area |, ; represents a source that produces external magnetic interferences. In other words,
the interesting source is located in volume (V1) (area 2), the measuring sensors in volume (V2) (area 3) and the interfering
source in volume (V3) (area 4).

[0034] In the following, the representations of the field produced by these two sources are examined by such series
developments the development point of which is the common midpoint of the spheres inside area 1. It is commonly
known that the field produced by source I;, can be represented as a Taylor’s development which is convergent in area
1, which thus is such an area each point of which is closer to the development point than the closest source point. The
field produced by source |;, can also be represented as a convergent, asymptotic series development outside area 2,
i.e. in an area in which all the points are farther from the development point than any source point.

[0035] An asymptotic series development is herein used to mean e.g. a series development that is based on spherical
harmonics, the terms of which are proportional to the negative integer powers r" of the distance r calculated from the
development point. The same remarks also apply to a magnetic field produced by an external interference source |y
the Taylor’s series development thereof is convergent everywhere in areas 1, 2 and 3, whereas the asymptomatic series
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development is convergent in area 5.

[0036] As can be seen from Fig. 1, in area 3 containing the sensors (s1, s2, s3, s4, s5, s6), where the field is thus
measured, the convergent series development of an interesting signal is asymptotic, whereas the convergent series
development of an external interference in this area is the Taylor’s series. When for the measured signal (signal space),
both a Taylor’s basis and a basis based on an asymptomatic series development are created, the signals coming from
an interesting object can be separated from interferences coming from external sources based on the fact that the
external interferences are mainly shown in the sub-space spanned by the basis vectors that are based on the terms of
the Taylor’'s series, whereas the interesting signals are included in the sub-space determined by the basis vectors
associated with the asymptomatic series.

[0037] In the following, one advantageous embodiment of the invention is shown with reference to Fig. 2. Let us think
about a situation in which from the space, a point Fo is chosen in such a manner that the smallest and biggest distance
of the measurement points from this are r,,;, ja r,,ax respectively.

[0038] The measurement points are designated in Fig. 2 as points on a curved surface. Let us assume that there are
in the space two sources of an irrotational vector field, the first of which is situated at a distance ry < r,,;, from point r,
and the latter at a distance r, > r,,,, from point r;,.

[0039] There is some series development T which is convergent inside such a sphere whose radius is the distance
from the development point to the closest singular point, as well some other series development M which is convergent
in an area which encompasses a space containing singular points. Thus, the vector field produced by source 1 can be
expressed in the area of the measurement points as a development of the M series with respect to point FO, but not as
a development of the T series, and correspondingly, the vector field produced by source 2 can be expressed in the area
of the measurement points as a T development with respect to point ?0, but not as an M development. Thus, the signal
vectors produced by sources 1 and 2 can be separated from one another, if the measured signal vector is presented in
a basis whose basis functions correspond to the independent components of the T and M development with respect to
the chosen development point. It must be noted that the development point does not need to be the same for different
series developments and that there are several different alternatives for the developments. It suffices that the convergence
areas of the developments are the same as with the aforementioned T and M developments. The method described
becomes general in a situation in which there are several sources both at distance r;, < r,;, and at distance ro; > r1ax-
The development point can be placed e.g. so that all the sources associated with the object to be examined are situated
inarear,, <ry,andthe externalinterferencesin arear, ;> rax- Fig. 2 shows two spheres which describe the convergence
areas of the series developments. Inside the smaller sphere, the T developments of the vector fields produced both by
source 1 and source 2 are convergent with respect to point?o (designated with T1, T2). In the space between the smaller
and the bigger sphere, the M development of the vector field produced by source 1 is convergent, and the T development
of the vector field produced by source 2 is convergent (designated with M1, T2). Outside the bigger sphere, the M
developments of the vector fields produced by both of the sources are convergent with respect to point ?0 (designated
with M1, M2). The fields produced by the sources can be separated based on the series developments in the space
between the spheres, where also the measurement points are situated. Thus, when the signals of the measurement
points are expressed at the same time both as the T and M series developments with respect to point ;o , source 1 solely
affects the signal through the components of the M development, and source 2 solely through the components of the T
development.

[0040] If the aforementioned series development components form a linearly independent basis for signal space, then
the interesting signals can be separated from the interferences independently. To reduce the effect of noise, one may
have to use regularisation, in case the susceptibility to interference of the basis is big. Herein the susceptibility to
interference is used to mean the product of the norms of the matrix and of its reverse matrix. The linear independence
and the susceptibility to interference of the basis depend on the geometry of the measurement arrangement and on the
number of the components to be modelled in relation to the number of measurement points. The invention provides a
basis for the signal vectors of an irrotational vector field that is more practical than before and in which the regularisation
means substantially the selection of the number of series development components to be included. This is easy to solve
because of the fast attenuation of the components as the order of the development increases.

[0041] The following describes the division of the measured signal vectors into an object to be examined and into
external interferences using as the example the Taylor’s series development as well as the multi-pole development of
the spherical harmonics. As the vector field being measured functions the magnetic flux density. Let it be assumed that
the development point for the series developments can be selected in such a manner that the sources associated with
the objectto be measured are situated inside an rradial sphere, and the sources associated with the external interferences
are situated outside an R radial sphere when the origin of both of the spheres is the development point in question. If r
<rpinand R >rp,.., when r,;, and rp,.. are correspondingly the smallest and the biggest distance of the development
point to the measurement channels, then the division into interesting signals and external interference signals can be
performed as shown in the following.

[0042] The Taylor's series development is convergent inside an R radial sphere when R is the distance from the
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development point of the series to the closest singular point, herein to a source. Thus, the signal vector'dfout produced
by a source s, situated at a distance r,, > R can be expressed with respect to the development point by means of
the Taylor series of the magnetic field, but the Taylor development is not convergent for a signal vector'éf,-n produced by
a source s;, situated at a distance r;, <r. Instead, for'cT;,-,, it is possible to use e.g. the multi-pole development. The signal
measured on channel k is the surface integral of a normal component of the magnetic flux density over the measurement
area. Now we consider the frequency without limiting the planar sensors, in which case the surface integral in question

can be written in the following form:
¢, =7 o [B(F)dS, (1)
Sk

[0043] The coordinates of the Cartesian coordinates are designated with symbols x;, x,, X3. In that case, the Taylor
development of the x; component of the magnetic flux density at the measurement point 7kj=[xkjykakj]7' is

m_ 1 _pA(m+l+p)
2 W X V250 b

bu(fy) =222

me0i20 pmo m!! plox™oyloz®

(2),

wherein the partial derivative concerns the development point of the series development. Thus,

>
b(F) = GPy

’ (3)
wherein
[ (netny+nz) |
. a_bx _6_b_x _(3_bx x+ny+n )
¥ox 0y 0z ox" ay™ oz
(nx+ ny+ nz)
G = a_by iliy %y y
Y ox Oy 0z ox" oy™ oz
nx+ny+nz
ob, b, b, o """
Z0x 0y 0z 6xnx8ynyaznz
L - (4)
and
By =y ypzy (50" 2, (@)D (5)
[0044] Thus
¢outk = ?l G I Bkjdsk
Sk , (6)
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The integral expression of the previous equation is a vector, so it can be denoted as

> A
ouck = 1 ® GPy (7)

in which case the signal vector produced by an external source is
2> . T
q)out = dzag(N GP)
' (8),

wherein

N =[#,..7i,] and P=[p...5,].

[0045] The Maxwell’'s equations Vxb=0 and V<b = 0 that are valid in the measurement area limit the number of
independent G matrixes in such amanner thatin the Taylor development of nth order there are n;=(n+2)2-1 ofindependent
terms, in which case each signal vector produced by external sources can be expressed as follows:

ny ny

$out = ZxTidiag(NTG,.P) = Z xp81i
=1 i=1 . (9)

[0046] The basis formed by the signal vectors‘é}, is denoted by matrix S¢, in which case the signal vectors produced
by external signal sources are of the form:

Boue = SrXp - (10)

[0047] In a multi-pole development, the magnetic scalar potential is expressed by means of so-called even and odd
spherical harmonics. On the other hand, the magnetic flux density is the negative gradient of the potential in question,
SO herein‘B'(?) can be expressed in the form:

_ ® 1 l . .
b(r)=—”—;;ZZV — (@, Y5(0,0) +b,,Y5(6,0)) (11)

S5

wherein a,,, and b, are multi-pole coefficients, and the even and odd spherical harmonics can be expressed by means

of Legendre’s polynome Py,(cos®) in the form Yim (0, @) = P, (cosB)cos(me) and

Yim (8, ¢) = P, (cos®)sin(me)

[0048] The angles 6 and ¢ are angles of bearing of the spherical coordinates. The redundancy due to the irrotationality
and sourcelessness of the field is automatically noticed in a multi-pole development, and the dimension of the nth order
multi-pole basis is n,,, = (n+1)2-1 when the mono-pole term (n = 0) is not noticed. Now the basis vectors'é'm,- corresponding
to the multi-pole development can be formed by the same principle as in the case of the Taylor basis, whereby a multi-
pole basis S,, is obtained. Thus, the signal vectors associated with an object to be examined are of the form:
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_ >
bin = Sk (12)

[0049] The actual main point of the invention is the combining of the bases St ja S, into one basis for signal space

_ | x
in such a manner that S=[S,,S;]and X = |:_m:| » whereby the measured signal vector can be represented in the form:
Xr
2 9 2 >
¢= ¢in+¢out=S)C (13)

[0050] This equation describes a signal vector measured by an ideal measuring device from an irrotational and source-
less vector field. In practice, a non-ideal measuring device produces into the model of an irrotational and sourceless
vector field an inaudible measurement error e, so by practical measuring devices the foregoing equation has to be written
in the form:

rd _ ')‘ > > KN >
¢— ¢zn+¢out+e—Sx+e (14)

[0051] The series development components can be solved by minimising the difference between the measured signal
and the model by the method of the smallest square sum, which in this case corresponds to the multiplying of the
measured signal vector by the pseudo inverse of the matrix S:

% = St3 (15)

[0052] The solution of an ideal case is unambiguous, in case the dimension of the measured signal vector‘q';is bigger
than the number of vector fields of the basis S and in case the basis S is linearly independent. These requirements are
typically realised by present-day multi-channel measuring devices, if the limitations set by the Maxwell’s equations are
taken into account. Furthermore, to ensure an error-free estimate, a sufficiently big number of series development
components must be included in the basis S. As these requirements are fulfilled, the measured signal vector can always
be divided into the part produced by an object to be measured, into the part produced by external interferences, and
into the part not included in the irrotational vector field (measurement error):

¢, =S, %, (16)
qgoul = ST'i:T’ (17)
é=¢ - S% (18)

[0053] The field of application of the invention is wide as in the method, from the measured signal vector, a natural
representation is calculated containing substantially the same information as the signal vector, but in a form independent
of the sensor geometry and typically in a lower-dimensional form than the measured signal vectors. Furthermore, the

10



10

15

20

25

30

35

40

45

50

55

EP 1 606 639 B1

components associated with an object to be examined and with the external interferences are separate, unlike in the
signal vector, which is the sum of an interesting signal and of interferences.

[0054] In the following, one implementation mode of the invention is described by means of an example. Let it be
assumed that we wish to measure the magnetic field produced by the brain of a testee who does not keep his or head
still, instead constantly moves in the vicinity of the measuring device. Furthermore, interference sources external of the
testee’s head are associated with the measurement situation, the structure of the magnetic field produced by which
changes as a function of time. Interference sources of this kind can be e.g. the magnetic particles in a moving testee’s
clothes and the testee’s heart.

[0055] The magnetic field measurements of the brain are usually made as repetition measurements in which the
response produced by the brain and relating to the desired stimulus is averaged several times in a row to improve the
signal-to-noise ratio. In the case of the testee described above, the averaged signal vector to be obtained as the outcome
is the mean value of the signal vectors produced by a source that was situated in different places and is physiologically
invariable from one stimulus to another, and thus the average signal cannot be used in the analysis as such. Furthermore,
the elimination of external interferences by a projection method based on a predetermined interference sub-space is
out of the question, since the field structure of the interferences has varied in a non-foreseeable manner. An interference
elimination based on separate reference sensors is not justified either, since the testee can time to time be far from both
the actual signal and reference sensors, whereby a division into an interesting signal and interferences that is based on
shear uniformity of the field or on a signal amplitude is not very successful. Instead, the interference elimination can be
performed by the series development method described above by averaging the component estimates associated with
an interesting object, in the calculation of which one has taken into account the place and position of the testee with
respect to the measuring device at different moments of time.

[0056] The motion of a testee is modelled in such a manner that the motion of the head is represented as a motion
of a set of sensors in the environment of an immovable head. In that case, at a moment of time t basis matrixes S,,(t)
and S(t) are calculalt\ed, from which a basis S(t) is formed, based on which it is possible to calculate, by the pseudo
inverse, an estimate x(t) in accordance with equation 15. When the coordinates of the measuring device are connected
to the coordinates of a stationary head, the portion )’}m(t) of the component estimate )I?(t) associated with the object is
independent of the testee’s mo&\ion. Thus, instead of the averaging of the signal vectors associated with the stimuli it is
worth averaging the estimates x,,,(f) whose mean value contains the same information as the mean value of the signal
vectors, but without the distortion caused by the testee’s motion. The outcome of a repetition measurement is thus a
performed correction for movement and an automatic elimination of external interferences, so the mean value can be
used as such for the analysis without other pre-processing operations.

[0057] One analysis method includes the use of multi-pole components in source modeling, which is particularly useful
when the source distribution associated with an object to be examined can be solved analytically from the estimated
components. This is successful at least in a case in which the field is produced by one current dipole inside a spherical
volume conductor. On the other hand, the outcome can also be represented as a virtual signal vector of any sensor
geometry by calculating the basis S,,, of the sensor geometry in lguestion, whereby the virtual signal vector is obtained
in accordance with equation 16 by using an averaged estimate x,,,.

[0058] As in the calculation of the component estimates one must use information on the geometry and calibration
coefficients of the measuring device, it is important that the geometric parameters and the calibration coefficients are
known as accurately as possible. In the method of the invention, these are found out by solely utilising the information
on the fact that the measuring device measures an irrotational vector field. In that case, each measured signal vector
shall be included in the sub-space S, and systematic deviations from this condition refer to an incomplete piece of
information on the calibration and geometry of the measuring device. Thus, the calibration can be performed by setting
the calibration coefficients and the geometric parameters so that the sub-space S calculated based on these corresponds
to the sub-space spanned by the measured signal vectors.

[0059] The invention is not limited merely to the examples of its embodiments, instead many variations are possible
within the scope defined by the claims.

Claims

1. A method for analysing a magnetic field registered by a multi-channel measuring device in a geometry in which an
interesting source is in a first volume (V1), sensors measuring the field or components thereof outside the first
volume (V1) inside a second volume (V2), and sources of magnetic interferences outside the first volume (V1) and
the second volume (V2) in a third volume (V3), where the third volume (V3) is infinite or finite, and where the third
volume (V3) surrounds the second volume (V2) and the second volume (V2) surrounds the first volume (V1),
comprising:
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- measuring a magnetic field by the sensors;

- parametrising in the second volume (V2), with respect to a chosen first development point, the magnetic field
produced by the interesting sources disposed in the first volume (V1) as a sum of elementary fields, and in
desired accuracy, where each elementary field is irrotational, sourceless and finite outside the first volume (V1),
achieving a first series development which is either Taylor’'s or a spherical harmonics series development,

- parametrising in the second volume (V2), with respect to a chosen second development point, the magnetic
field produced by the interference sources disposed in the third volume (V3) as a sum of elementary fields, and
in desired accuracy, where each elementary field is irrotational, sourceless and finite outside the third volume
(V3), achieving a second series development which is either Taylor’s or a spherical harmonics series develop-
ment,

so that the first series development diverges and the second series development converges in the second
volume (V2) for the interesting sources, and the first series development converges and the second series
development diverges in the second volume (V2) for the interference sources;

- calculating a signal vector of the measuring device corresponding to each elementary field; and

- separating the magnetic fields that were produced from sources disposed in the first volume (V1) and the third
volume (V3) by calculating the components of the measured signal vector in a linearly independent basis formed
by the signal vectors associated with the elementary fields of both series developments.

The method as defined in claim 1, characterised in that the signal vector is formed as a sum of desired components
of the measured magnetic field.

The method as defined in claim 1, characterised in that in the parametrisation steps, redundancy due to harmonics
of the potential of the magnetic field is taken into account.

The method as defined in claim 1, characterised in that the first and second development point of the series
developments are chosen from the first volume (V1) for from the third volume (V3).

The method as defined in claim 1, characterised in that the signal corresponding to the signal source disposed
in the first volume (V1) or the signal corresponding to the signal source disposed in the third volume (V3) is separated
from the measured signal as a function of time.

The method as defined in claim 1, characterised in that the components of the measured field in the basis formed
by the calculated signal vectors associated with the elementary fields are deducted from the measured field, in
which case a separation signal corresponds to the signal originating from the second volume (V2).

The method as defined in claim 6, characterised in that a channel that functions in a non-desired manner is
identified by means of the separation signal.

The method as defined in claim 7, characterised in that the identified channel functioning in a non-desired manner
is taken into account in further analysis with a weighting coefficient different with respect to the other channels.

The method as defined in claim 1, characterised in that a motion of the source is perceived, and based on this
information, the elementary fields associated with the source are represented in coordinates of the source.

The method as defined in claim 9, characterised in that the motion of the source is perceived by monitoring a
place of a known signal source arranged in the first or second volume (V1, V2) with respect to the measurement
geometry.

A device for analysing a magnetic field registered by a multi-channel measuring device, the device comprising:

a set of sensors (s1, s2, ...sn); and

an analysis device (10) to which the sensors are connected, wherein the measurementis arranged in a geometry
in which an interesting source is in a first volume (V1); the sensors measuring the field or components thereof
outside the first volume (V1) inside a second volume (V2); and sources of magnetic interferences outside the
first volume (V1) and the second volume (V2) in a third volume (V3), where the third volume (V3) is infinite or
finite, and where the third volume (V3) surrounds the second volume (V2) and the second volume (V2) surrounds
the first volume (V1), wherein the analysis device (10) is arranged to:
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- measure a magnetic field by the sensors;

- parametrise in the second volume (V2), with respect to a chosen first development point, the magnetic
field produced by the interesting sources disposed in the first volume (V1) as a sum of elementary fields,
and in desired accuracy, where each elementary field is irrotational, sourceless and finite outside the first
volume (V1), achieving a first series development which is either Taylor’s or a spherical harmonics series
development

- parametrise in the second volume (V2), with respect to a chosen second development point, the magnetic
field produced by the interference sources disposed in the third volume (V3) as a sum of elementary fields,
and in desired accuracy, where each elementary field is irrotational, sourceless and finite outside the third
volume (V3), achieving a second series development which is either Taylor’s or a spherical harmonics
series development,

- so that the first series development diverges and the second series development converges in the second
volume (V2) for the interesting sources, and the first series development converges and the second series
development diverges in the second volume (V2) for the interference sources;

- calculate a signal vector of the measuring device corresponding to each elementary field; and

- separate the magnetic fields that were produced from sources disposed in the first volume (V1) and the
third volume (V3) by calculating the components of the measured signal vector in a linearly independent
basis formed by the signal vectors associated with the elementary fields of both series developments.

The device as defined in claim 11, characterised in that the analysis device is further arranged to form the signal
vector as a sum of desired components of the measured magnetic field.

The device as defined in claim 11, characterised in that the analysis device is further arranged to take in the
parametrisation steps, redundancy due to harmonics of the potential of the magnetic field into account.

The device as defined in claim 11, characterised in that the analysis device is further arranged to choose the first
and second development point of the series developments from the first volume (V1) or from the third volume (V3).

The device as defined in claim 11, characterised in that the analysis device is further arranged to separate the
signal corresponding to the signal source disposed in the first volume (V1) or the signal corresponding to the signal
source disposed in the third volume (V3) from the measured signal as a function of time.

The device as defined in claim 11, characterised in that the analysis device is further arranged to deduce the
components of the measured field in the basis formed by the calculated signal vectors associated with the elementary
fields from the measured field, in which case a separation signal corresponds to the signal originating from the
second volume (V2).

The device as defined in claim 16, characterised in that the analysis device is further arranged to indentify a
channel that functions in a non-desired manner by means of the separation signal.

The device as defined in claim 17, characterised in that the analysis device is further arranged to take the identified
channel functioning in a non-desired manner into account in further analysis with a weighting coefficient different
with respect to the other channels.

The device as defined in claim 11, characterised in that the analysis device is further arranged to perceive a
motion of the source and, based on this information, represent the elementary fields associated with the source in
coordinates of the source.

The device as defined in claim 11, characterised in that the analysis device is further arranged to

- select a set of basis vectors corresponding to irrotational, sourceless and finite elementary fields in the second
volume (V2); and

- set calibration coefficients and geometric parameters of the measuring device to values which minimise
deviation of the signal vector from a signal space spanned by the selected set of basis vectors.

The device as defined in claim 19, characterised in that the analysis device is further arranged to perceive the

motion of the source by monitoring a place of a known signal source arranged in the first or second volume (V1,
V2) with respect to the measurement geometry.
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22. The device as defined in claim 11, characterised in that the analysis device is further arranged to save only desired

components of the measured magnetic field.

23. The device as defined in claim 11, characterised in that in locating an interesting source, the analysis device is

further arranged to use only desired components of the measured magnetic field.

Patentanspriiche

1.

Verfahren zum Analysieren eines Magnetfelds, das von einer Mehrkanal-Messvorrichtung in einer geometrischen
Anordnung erfasst wird, in der eine interessierende Quelle sich in einem ersten Volumen (V1) befindet, Sensoren,
die das Feld oder Komponenten von diesem aulerhalb des ersten Volumens (V1) messen, sich in einem zweiten
Volumen (V2) befinden und Quellen von magnetischen Stérsignalen auf3erhalb des ersten Volumens (V1) und des
zweiten Volumens (V2) sich in einem dritten Volumen (V3) befinden, wobei das dritte Volumen (V3) unendlich oder
endlich ist und wobei das dritte Volumen (V3) das zweite Volumen (V2) umgibt und das zweite Volumen (V2) das
erste Volumen (V1) umgibt, Folgendes umfassend:

- Messen eines Magnetfelds durch die Sensoren;

- Parametrieren des von den im ersten Volumen (V1) angeordneten interessierenden Quellen erzeugten Ma-
gnetfelds im zweiten Volumen (V2), und dies in Bezug auf einen ausgewahlten ersten Entwicklungspunkt und
als Summe von elementaren Feldern und in einer gewlinschten Genauigkeit, wobei jedes elementare Feld
aufderhalb des ersten Volumens (V1) wirbelfrei, quellenlos und endlich ist, wodurch eine erste Reihenentwick-
lung erreicht wird, die entweder eine Taylorentwicklung oder eine Reihenentwicklung nach Kugelflachenfunk-
tionen ist,

- Parametrieren des von den im dritten Volumen (V3) angeordneten Stérquellen erzeugten Magnetfelds im
zweiten Volumen (V2), und dies in Bezug auf einen ausgewahlten zweiten Entwicklungspunkt und als Summe
von elementaren Feldern und in einer gewlinschten Genauigkeit, wobei jedes elementare Feld aulRerhalb des
dritten Volumens (V3) wirbelfrei, quellenlos und endlich ist, wodurch eine zweite Reihenentwicklung erreicht
wird, die entweder eine Taylorentwicklung oder eine Reihenentwicklung in Kugelflachenfunktionen ist,

derart, dass im zweiten Volumen (V2) fir die interessierenden Quellen die erste Reihenentwicklung divergiert
und die zweite Reihenentwicklung konvergiert, und im zweiten Volumen (V2) fir die Stérquellen die erste
Reihenentwicklung konvergiert und die zweite Reihenentwicklung divergiert;

- fir jedes elementare Feld, Berechnen eines zugehdrigen Signalvektors der Messvorrichtung; und

- Trennen der Magnetfelder, die von Quellen erzeugt wurden, die im ersten Volumen (V1) und im dritten Volumen
(V3) angeordnet sind, indem die Komponenten des gemessenen Signalvektors zu einer linear unabhéngigen
Basis berechnet werden, die durch die Signalvektoren gebildet wird, die zu den elementaren Feldern von beiden
Reihenentwicklungen gehdren.

Verfahren nach Anspruch 1, dadurch gekennzeichnet, dass der Signalvektor als Summe von erwiinschten Kom-
ponenten des gemessenen Magnetfelds gebildet wird.

Verfahren nach Anspruch 1, dadurch gekennzeichnet, dass in den Parametrierungsschritten die durch Kugelfla-
chenfunktionen des Magnetfeld-Potentials bedingte Redundanz berticksichtigt wird.

Verfahren nach Anspruch 1, dadurch gekennzeichnet, dass der erste und der zweite Entwicklungspunkt der
Reihenentwicklungen aus dem ersten Volumen (V1) oder dem dritten Volumen (V3) ausgewahlt werden.

Verfahren nach Anspruch 1, dadurch gekennzeichnet, dass das Signal, das zur im ersten Volumen (V1) ange-
ordneten Signalquelle gehort, oder das Signal, das zur im dritten Volumen (V3) angeordneten Signalquelle gehort,
vom gemessenen Signal in Abhangigkeit von der Zeit getrennt wird.

Verfahren nach Anspruch 1, dadurch gekennzeichnet, dass die Komponenten des gemessenen Felds zu der
Basis, die durch die zu den elementaren Feldern gehérenden berechneten Signalvektoren gebildet wird, vom ge-
messenen Feld abgezogen werden, wobei in diesem Fall ein abgetrenntes Signal dem Signal entspricht, das im
zweiten Volumen (V2) entsteht.

Verfahren nach Anspruch 6, dadurch gekennzeichnet, dass ein Kanal, der in einer nicht erwiinschten Weise
arbeitet, durch das abgetrennte Signal identifiziert wird.
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Verfahren nach Anspruch 7, dadurch gekennzeichnet, dass der identifizierte Kanal, der in einer nicht erwlinschten
Weise arbeitet, bei der weiteren Analyse mit einem Gewichtungskoeffizienten einbezogen wird, der von denjenigen
der anderen Kanéle verschieden ist.

Verfahren nach Anspruch 1, dadurch gekennzeichnet, dass eine Bewegung der Quelle erkannt wird und dass
basierend auf dieser Information die zur Quelle gehdrenden elementaren Felder in Koordinaten der Quelle dargestellt
werden.

Verfahren nach Anspruch 9, dadurch gekennzeichnet, dass die Bewegung der Quelle erkannt wird, indem die
Position einer im ersten oder zweiten Volumen (V1, V2) angeordneten bekannten Signalquelle relativ zur Mess-
geometrie Uberwacht wird.

Vorrichtung zum Analysieren eines Magnetfelds, das von einer Mehrkanal-Messvorrichtung erfasst wird, wobei die
Vorrichtung Folgendes umfasst:

einen Satz Sensoren (s1, s2, ... sn); und

eine Analysevorrichtung (10), an die die Sensoren angeschlossen sind, wobei die Messung in einer geometri-
schen Anordnung ausgeflhrt wird, in der eine interessierende Quelle sich in einem ersten Volumen (V1) befindet;
die Sensoren, die das Feld oder Komponenten von diesem aul3erhalb des ersten Volumens (V1) messen, sich
in einem zweiten Volumen (V2) befinden; und Quellen von magnetischen Storsignalen auflerhalb des ersten
Volumens (V1) und des zweiten Volumens (V2) sich in einem dritten Volumen (V3) befinden, wobei das dritte
Volumen (V3) unendlich oder endlich ist und wobei das dritte Volumen (V3) das zweite Volumen (V2) umgibt
und das zweite Volumen (V2) das erste Volumen (V1) umgibt, wobei die Analysevorrichtung (10) dafiir einge-
richtet ist:

- ein Magnetfeld durch die Sensoren zu messen;

- das von den im ersten Volumen (V1) angeordneten interessierenden Quellen erzeugte Magnetfeld im
zweiten Volumen (V2) zu parametrieren, und dies in Bezug auf einen ausgewabhlten ersten Entwicklungs-
punkt und als Summe von elementaren Feldern und in einer gewlinschten Genauigkeit, wobei jedes ele-
mentare Feld auRerhalb des ersten Volumens (V1) wirbelfrei, quellenlos und endlich ist, wodurch eine erste
Reihenentwicklung erreicht wird, die entweder eine Taylorentwicklung oder eine Reihenentwicklung nach
Kugelflachenfunktionen ist,

- das von den im dritten Volumen (V3) angeordneten Stérquellen erzeugte Magnetfeld im zweiten Volumen
(V2) zu parametrieren, und dies in Bezug auf einen ausgewahlten zweiten Entwicklungspunkt und als
Summe von elementaren Feldern und in einer gewiinschten Genauigkeit, wobei jedes elementare Feld
aulerhalb des dritten Volumens (V3) wirbelfrei, quellenlos und endlich ist, wodurch eine zweite Reihen-
entwicklung erreicht wird, die entweder eine Taylorentwicklung oder eine Reihenentwicklung in Kugelfla-
chenfunktionen ist,

- derart, dass im zweiten Volumen (V2) fir die interessierenden Quellen die erste Reihenentwicklung
divergiert und die zweite Reihenentwicklung konvergiert, und im zweiten Volumen (V2) fir die Stérquellen
die erste Reihenentwicklung konvergiert und die zweite Reihenentwicklung divergiert;

- fir jedes elementare Feld einen zugehdrigen Signalvektor der Messvorrichtung zu berechnen; und

- die Magnetfelder, die von Quellen erzeugt wurden, die im ersten Volumen (V1) und im dritten Volumen
(V3) angeordnet sind, zu trennen, indem die Komponenten des gemessenen Signalvektors zu einer linear
unabhangigen Basis berechnet werden, die durch die Signalvektoren gebildet wird, die zu den elementaren
Feldern von beiden Reihenentwicklungen gehéren.

Vorrichtung nach Anspruch 11, dadurch gekennzeichnet, dass die Analysevorrichtung aulRerdem dafiir einge-
richtet ist, den Signalvektor als Summe von erwiinschten Komponenten des gemessenen Magnetfelds zu bilden.

Vorrichtung nach Anspruch 11, dadurch gekennzeichnet, dass die Analysevorrichtung aulRerdem dafiir einge-
richtet ist, in den Parametrierungsschritten die durch Kugelflachenfunktionen des Magnetfeld-Potentials bedingte
Redundanz zu berticksichtigen.

Vorrichtung nach Anspruch 11, dadurch gekennzeichnet, dass die Analysevorrichtung aul3erdem daflr einge-

richtet ist, den ersten und den zweiten Entwicklungspunkt der Reihenentwicklungen aus dem ersten Volumen (V1)
oder dem dritten Volumen (V3) auszuwahlen.
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Vorrichtung nach Anspruch 11, dadurch gekennzeichnet, dass die Analysevorrichtung aulRerdem dafiir einge-
richtet ist, das Signal, das zur im ersten Volumen (V1) angeordneten Signalquelle gehort, oder das Signal, das zur
im dritten Volumen (V3) angeordneten Signalquelle gehdrt, vom gemessenen Signal in Abhangigkeit von der Zeit
zu trennen.

Vorrichtung nach Anspruch 11, dadurch gekennzeichnet, dass die Analysevorrichtung aulRerdem dafiir einge-
richtet ist, die Komponenten des gemessenen Felds zu der Basis, die durch die zu den elementaren Feldern
gehdrenden berechneten Signalvektoren gebildet wird, vom gemessenen Feld abzuziehen, wobei in diesem Fall
ein abgetrenntes Signal dem Signal entspricht, das im zweiten Volumen (V2) entsteht.

Vorrichtung nach Anspruch 16, dadurch gekennzeichnet, dass die Analysevorrichtung auRerdem dafiir einge-
richtet ist, einen Kanal, der in einer nicht erwlinschten Weise arbeitet, durch das abgetrennte Signal zu identifizieren.

Vorrichtung nach Anspruch 17, dadurch gekennzeichnet, dass die Analysevorrichtung aulRerdem dafiir einge-
richtet ist, den identifizierten Kanal, der in einer nicht erwiinschten Weise arbeitet, bei der weiteren Analyse mit
einem Gewichtungskoeffizienten einzubeziehen, der von denjenigen der anderen Kanale verschieden ist.

Vorrichtung nach Anspruch 11, dadurch gekennzeichnet, dass die Analysevorrichtung aulRerdem dafiir einge-
richtet ist, eine Bewegung der Quelle zu erkennen und basierend auf dieser Information die zur Quelle gehérenden
elementaren Felder in Koordinaten der Quelle darzustellen.

Vorrichtung nach Anspruch 11, dadurch gekennzeichnet, dass die Analysevorrichtung aul3erdem dafiir einge-
richtet ist:

- einen Satz von Basisvektoren auszuwahlen, die wirbelfreien, quellenlosen und endlichen elementaren Feldern
im zweiten Volumen (V2) entsprechen; und

- Kalibrierungskoeffizienten und geometrische Parameter der Messvorrichtung auf Werte einzustellen, die die
Abweichung des Signalvektors von einem Signalraum minimieren, der vom ausgewahlten Satz von Basisvek-
toren aufgespannt wird.

Vorrichtung nach Anspruch 19, dadurch gekennzeichnet, dass die Analysevorrichtung aul3erdem daflr einge-
richtet ist, die Bewegung der Quelle zu erkennen, indem die Position einer im ersten oder zweiten Volumen (V1,
V2) angeordneten bekannten Signalquelle relativ zur Messgeometrie Giberwacht wird.

Vorrichtung nach Anspruch 11, dadurch gekennzeichnet, dass die Analysevorrichtung au3erdem dafiir einge-
richtet ist, nur erwiinschte Komponenten des gemessenen Magnetfelds zu speichern.

Vorrichtung nach Anspruch 11, dadurch gekennzeichnet, dass fur die Lokalisierung einer interessierenden Quelle
die Analysevorrichtung auferdem dafiir eingerichtet ist, nur erwiinschte Komponenten des gemessenen Magnet-
felds zu verwenden.

Revendications

Procédé pour analyser un champ magnétique enregistré par un dispositif de mesure multicanaux dans une géométrie
dans laquelle une source d’intérét se trouve dans un premier volume (V1), des capteurs mesurant le champ ou des
composantes de celui-ci a I'extérieur du premier volume (V1) a 'intérieur d'un deuxieéme volume (V2), et des sources
d’interférences magnétiques se trouvant a I'extérieur du premier volume (V1) et du deuxiéme volume (V2) dans un
troisiéme volume (V3), ou le troisieme volume (V3) est infini ou fini, et ou le troisieme volume (V3) entoure le
deuxiéme volume (V2) et le deuxiéme volume (V2) entoure le premier volume (V1), comprenant :

- la mesure d’un champ magnétique par les capteurs ;

- le paramétrage dans le deuxiéme volume (V2), par rapport a un premier point de développement choisi, du
champ magnétique produit par les sources d’intérét disposées dans le premier volume (V1) en tant que somme
de champs élémentaires, et avec une précision souhaitée, ou chaque champ élémentaire estirrotationnel, sans
source et fini a 'extérieur du premier volume (V1), en obtenant un premier développement de série qui est soit
un développement de série de Taylor soit un développement de série d’harmoniques sphériques,

- le paramétrage dans le deuxiéme volume (V2), par rapport a un second point de développement choisi, du
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champ magnétique produit par les sources d’interférences disposées dans le troisieme volume (V3) en tant
que somme de champs élémentaires, et avec une précision souhaitée, ou chaque champ élémentaire est
irrotationnel, sans source et fini a I'extérieur du troisieme volume (V3), en obtenant un second développement
de série qui est soit un développement de série de Taylor soit un développement de série d’harmoniques
sphériques,

de sorte que le premier développement de série diverge et le second développement de série converge dans
le deuxieme volume (V2) pour les sources d’intérét, et le premier développement de série converge et le second
développement de série diverge dans le deuxiéme volume (V2) pour les sources d’interférences ;

- le calcul d’'un vecteur de signal du dispositif de mesure correspondant a chaque champ élémentaire ; et

- la séparation des champs magnétiques qui ont été produits a partir des sources disposées dans le premier
volume (V1) et dans le troisieme volume (V3) en calculant les composantes du vecteur de signal mesuré dans
une base linéairement indépendante formée par les vecteurs de signaux associés aux champs élémentaires
des deux développements de série.

Procédé selon la revendication 1, caractérisé en ce que le vecteur de signal est formé en tant que somme de
composantes souhaitées du champ magnétique mesuré.

Procédé selon la revendication 1, caractérisé en ce que, lors des étapes de paramétrage, une redondance due
a des harmoniques du potentiel du champ magnétique est prise en compte.

Procédé selon la revendication 1, caractérisé en ce que les premier et second points de développement des
développements de série sont choisis a partir du premier volume (V1) ou a partir du troisieme volume (V3).

Précédé selon la revendication 1, caractérisé en ce que le signal correspondant a la source de signal disposée
dans le premier volume (V1) ou le signal correspondant a la source de signal disposée dans le troisieme volume
(V3) est séparé du signal mesuré en fonction du temps.

Procédé selon la revendication 1, caractérisé en ce que les composantes du champ mesuré dans la base formée
par les vecteurs de signaux calculés associés aux champs élémentaires sont déduites du champ mesuré, auquel
cas un signal de séparation correspond au signal ayant pour origine le deuxieme volume (V2).

Procédé selon la revendication 6, caractérisé en ce qu’un canal qui fonctionne de maniére non souhaitée est
identifié au moyen du signal de séparation.

Procédé selon la revendication 7, caractérisé en ce que le canal identifié fonctionnant de maniére non souhaitée
est pris en compte lors d’'une analyse supplémentaire avec un coefficient de pondération différent de celui des
autres canaux.

Procédé selon la revendication 1, caractérisé en ce qu’un mouvement de la source est pergu et en ce que, sur
la base de cette information, les champs élémentaires associés a la source sont représentés en coordonnées de
la source.

Procédeé selon la revendication 9, caractérisé en ce que le mouvement de la source est pergu par surveillance
d’'un emplacement d’une source de signal connue agencée dans le premier ou deuxieme volume (V1, V2) par
rapport a la géométrie de mesure.

Dispositif pour analyser un champ magnétique enregistré par un dispositif de mesure multicanaux, le dispositif
comprenant :

un ensemble de capteurs (s1, s2, ..., sn) ; et

un dispositif d’analyse (10) auquel les capteurs sont connectés, dans lequel la mesure est agencée dans une
géométrie dans laquelle une source d’intérét se trouve dans un premier volume (V1) ; les capteurs mesurant
le champ ou des composantes de celui-ci a I'extérieur du premier volume (V1) a lintérieur d’'un deuxieme
volume (V2) ; et des sources d’interférences magnétiques se trouvant a I'extérieur du premier volume (V1) et
du deuxiéme volume (V2) dans un troisieme volume (V3), ou le troisiéme volume (V3) est infini ou fini, et ou le
troisieme volume (V3) entoure le deuxiéme volume (V2) et le deuxiéme volume (V2) entoure le premier volume
(V1), dans lequel le dispositif d’analyse (10) est agencé pour :
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- mesurer un champ magnétique par les capteurs ;

- paramétrer dans le deuxiéme volume (V2), par rapport a un premier point de développement choisi, le
champ magnétique produit par les sources d’intérét disposées dans le premier volume (V1) en tant que
somme de champs élémentaires, et avec une précision souhaitée, ou chaque champ élémentaire est
irrotationnel, sans source et fini a I'extérieur du premier volume (V1), en obtenant un premier développement
de série qui est soit un développement de série de Taylor soit un développement de série d’harmoniques
sphériques

- paramétrer dans le deuxieme volume (V2), par rapport a un second point de développement choisi, le
champ magnétique produit par les sources d'interférences disposées dans le troisieme volume (V3) en
tant que somme de champs élémentaires, et avec une précision souhaitée, ou chaque champ élémentaire
est irrotationnel, sans source et fini a I'extérieur du troisieme volume (V3), en obtenant un second déve-
loppement de série qui est soit un développement de série de Taylor soit un développement de série
d’harmoniques sphériques,

- de sorte que le premier développement de série diverge et le second développement de série converge
dans le deuxiéme volume (V2) pour les sources d’intérét, et le premier développement de série converge
et le second développement de série diverge dans le deuxiéme volume (V2) pour les sources
d’interférences ;

- calculer un vecteur de signal du dispositif de mesure correspondant a chaque champ élémentaire ; et

- séparer les champs magnétiques qui ont été produits a partir des sources disposées dans le premier
volume (V1) et dans le troisieme volume (V3) en calculant les composantes du vecteur de signal mesure
dans une base linéairement indépendante formée par les vecteurs de signaux associés aux champs élé-
mentaires des deux développements de série.

Dispositif selon la revendication 11, caractérisé en ce que le dispositif d’analyse est en outre configuré pour former
le vecteur de signal en tant que somme de composantes souhaitées du champ magnétique mesuré.

Dispositif selon la revendication 11, caractérisé en ce que le dispositif d’analyse est en outre configuré pour prendre
en compte, lors des étapes de paramétrage, une redondance due a des harmoniques du potentiel du champ
magnétique.

Dispositif selon la revendication 11, caractérisé en ce que le dispositif d’analyse est en outre configuré pour choisir
les premier et second points de développement des développements de série a partir du premier volume (V1) ou
du troisieme volume (V3).

Dispositif selon la revendication 11, caractérisé en ce que le dispositif d’analyse est en outre configuré pour séparer
le signal correspondant a la source de signal disposée dans le premier volume (V1) ou le signal correspondant a
la source de signal disposée dans le troisieme volume (V3) du signal mesuré en fonction du temps.

Dispositif selon la revendication 11, caractérisé en ce que le dispositif d’analyse est en outre configuré pour déduire
les composantes du champ mesuré dans la base formée par les vecteurs de signaux calculés associés aux champs
élémentaires du champ mesuré, auquel cas un signal de séparation correspond au signal ayant pour origine le
deuxiéme volume (V2).

Dispositif selon la revendication 16, caractérisé en ce que le dispositif d’analyse est en outre configuré pour
identifier un canal qui fonctionne de maniére non souhaitée au moyen du signal de séparation.

Dispositif selon la revendication 17, caractérisé en ce que le dispositif d’analyse est en outre configuré pour prendre
en compte le canal identifié fonctionnant de maniére non souhaitée lors d’'une analyse supplémentaire avec un
coefficient de pondération différent de celui des autres canaux.

Dispositif selon la revendication 11, caractérisé en ce que le dispositif d’analyse est en outre configuré pour
percevoir un mouvement de la source et, sur la base de cette information, représenter les champs élémentaires
associés a la source en coordonnées de la source.

Dispositif selon la revendication 11, caractérisé en ce que le dispositif d’analyse est en outre configuré pour

- sélectionner un ensemble de vecteurs de base correspondant a des champs élémentaires irrotationnels, sans
source et finis dans le deuxiéme volume (V2) ; et
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- fixer des coefficients de calibrage et des paramétres géométriques du dispositif de mesure a des valeurs qui
minimisent un écart du vecteur de signal d’un espace de signal couvert par 'ensemble sélectionné de vecteurs
de base.

21. Dispositif selon la revendication 19, caractérisé en ce que le dispositif d’'analyse est en outre configuré pour
percevoir le mouvement de la source en surveillant un emplacement d’'une source de signal connue agencée dans

le premier ou deuxiéme volume (V1, V2) par rapport a la géométrie de mesure.

22. Dispositif selon la revendication 11, caractérisé en ce que le dispositif d’analyse est en outre configuré pour ne
conserver que des composantes souhaitées du champ magnétique mesuré.

23. Dispositif selon la revendication 11, caractérisé en ce que, lors de la localisation d’'une source d’intérét, le dispositif
d’analyse est en outre configuré pour n’utiliser que des composantes souhaitées du champ magnétique mesuré.
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